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ABSTRACT
The electronegativity difference in the titanium-carbon bond has provided a
synthetic framework in the formation of a wide range of organic products.
Hydroxycyc1opentenones are examples of such products and can be synthesized through
a titanacyclobutene intermediate via a one-pot procedure. The process involves the
incorporation of carbon monoxide into the titanacyclobutene ring with a concomitant
addition of an alkyl halide in the presence of samarium diiodide. The synthetic utility of
this reaction was explored by varying the alkyl halide. The results of such explorations
show a variable tolerance for particular alkyl groups. The details of this project will be
discussed.
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INTRODUCTION
Project Background and Reaction Overview
Hydroxycyclopentenones have been synthesized using a variety of synthetic
procedures. The objective of this project was to use the carbon-titanium bond as a
reactive framework for the one-pot synthesis ofhydroxycyclopentenones with varying
alkyl substituents. The carbon-titanium bond has been used in a wide range of synthetic
applications ranging from olefin formation to enantioselective nucleophilic additions to
aldehydes l -3 • Most carbon-titanium complexes are difficult to synthesize and, once
produced, are extremely air and water sensitive. Therefore, all synthetic steps in this
project took place under dry, oxygen-free conditions. An efficient, simplistic procedure
4

has been published by Stryker et al. to produce titanacyclobutenes the carbon-titanium
complex utilized in this research. This project has extended the methodology published
by Stryker to the CsH s (Cp) system rather than the CS(CH 3 )s (Cp *) system.
As previously stated, this research involves a one-pot synthesis of
hydroxycy'clopentenones tluough a titanacyclobutene intermediate. Involved in this
process are the incorporation of carbon monoxide into the titanacyclobutene ring with the
concomitant addition of an alkyl halide in the presence of samarium diiodide. In order
for the titanacyclobutene complex to form, the titanium (IV) titanocene dichloride
starting reagent must be reduced to the titanium (III) species CP2TiCI (1). Therefore, the
first synthetic step involved the reduction of titanocene dichloride using zinc metal as the
reducing agent (Scheme 1).
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Scheme 1

Upon the formation of 1, one equivalent of I-bromo-2-butyne was incorporated into the
product in the presence of samarium diiodide, forming a titanium (III) propargyl complex
(2) (Scheme 2). The formation of a similar complex was originally described by Stryker
as a reactive intermediate in titanacyclobutene formation
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•

The role of samarium diiodide

in this reaction pathway will be discussed later. Upon the formation of2, the addition of
one equivalent of an alkyl halide resulted in the formation of the desired
titanacyclobutene intermediate (3) (Scheme 2).
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Scheme 2

Two equivalents of carbon monoxide were then incorporated into the reaction mixture via
balloon at room temperature following the formation of3. An additional two equivalents
of samarium diiodide were then added with an additional equivalent of the alkyl halide,
resulting in the desired hydroxycyclopentenone product (4) (Scheme 3). Carbon
monoxide was incorporated into the reaction at a pressure of approximately 1 atm.
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The incorporation of the second alkyl halide equivalent and two equivalents of carbon
monoxide into 4 has been confirmed through isotopic labeling studies 5. Such studies
have unambiguously confirmed the incorporation of two equivalents of carbon monoxide
into the hydroxycyclopentenone framework. The locations of each carbon monoxide
equivalent are shown in Figure 1.

o
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(4)

R1

Figure 1
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Optimization of Methodology
Samarium Diiodide

Samarium diiodide (SmI2) has become an extremely useful reagent to organic
chemists and has been used in a wide variety of organic reactions 6. It has recently been
used to promote intennolecular radical carbonyl additions 7, Stereocontrolled cyclization
reactions have also shown success when mediated by Sml}. Samarium diiodide mainly
acts as a single-electron transferring agent?, but its role in the hydroxycyclopentenone
synthetic pathway is undetennined. It is possible that Smh promotes the transfer of a
single electron in the radical fonnation of the titanium (III) propargyl complex described
by Stryker4 (2).
Early syntheses of 4 with isopropyl groups resulted in low yields due to the
suspected consumption of samarium diiodide by residual contaminants on reaction flasks
and stir bars. In order to prevent the consumption of Sml2 by residual contaminants, all
glassware and stir bars were pre-treated with a solution of samarium diiodide. The
preparation of Sml2 stock solution and the actual reactions were done using only these
pre-treated flasks and stir bars. Also, the point at which samarium diiodide was
incorporated into the reaction pathway and the amount of samarium diiodide that was
added were varied through experimental investigations. The results of such explorations
will be discussed later,
Reaction Conditions

The length of carbon monoxide exposure varied from 3 to 20 hours. The initial
procedure included a 3 hour exposure time. After achieving consistently Jow yields, the
CO exposure time was systematically increased. Whitby's intramolecular cyclization of
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titanocene vinylidene complexes calls for an exposure time of 16 hours at a pressure of 1
atm 9 . Therefore, the optimized procedure in this research included an exposure time of
about 20 hours. Several attempts were also made to bubble
mixture for a period oftime during

eo exposure.

eo directly into the reaction

However, such attempts did not yield

successful results. It is likely that atmospheric oxygen was incorporated into the reaction
mixture as a result of such attempts, thereby contaminating the air-sensitive reaction
mixture. The temperature of the reaction leading to the formation of 2 was also varied
through the course of this project. The initial procedure called for a reaction temperature
of -78°C. Several attempts were also made to perfonn this reaction at a higher
temperature of -40

°e.

Such attempts did not yield successful results. The optimized

methodology included a reaction temperature of -78

°e for the fonnation of 2.

Alkyl Halide Substrates

A wide variety of alkyl halide substrates were incorporated into the overall
synthesis of 4 in order to explore the synthetic utility of this reaction pathway. As
previously stated, one equivalent of the alkyl halide substrate of choice was incorporated
into the reaction at two different points. The alkyl halide substrate has an effect on the
side-chain functionality at carbons 3 and 5 of the hydroxycyclopentenone product (4).
Figure 2 shows all potential alkyl halide substrates suggested in this methodological
study.
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The initial synthesis of 4 was carried out with the addition of 5 as an alky1halide
substrate, forming a 3,5-diisopropyl hydroxycyclopentenone product (14). When the
methodology was optimized, the viability of other alkyl halide substrates was explored.
Attempts were also made to add two different alkyl halide substrates at each point in the
reaction pathway. The results of such explorations will be discussed later.
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RESULTS AND DISCUSSION
Production of 14 using the optimized synthetic pathway proceeded with marginal
success at a yield of 31 %. The optimized procedure included the addition of 2.2
equivalents of samarium diiodide at two separate points in the overall synthesis of 14.
Another less successful exploration examined the result of increasing the equivalents
used in the first Smh addition. Three equivalents of Smh were added with l-bromo-2
butyne in the production of2, which resulted in a negligible yield of 14. The explanation
of such results is unknown, but the addition of only 2 equivalents of Smh with l-bromo
2-butyne rendered greater success than the addition of 3 equivalents. The optimal CO
exposure time for the production of 14 was approximately 20 hours at a pressure of I
atm. The initial procedure called for a CO exposure time of 3 hours; however, this
consistently resulted in relatively low yields. Therefore, the CO exposure time was
systematically increased to 20 hours, resulting in the highest yield. In addition to the
optimization of Smh addition and CO exposure, attempts were made to modify the
oxidative work-up of the reaction by using oxidizing agents other than NMO such as
oxone, sodium periodate, and peroxides. These attempts had no apparent effect on the
product yield, and NMO resulted in optimal separation upon extraction. Therefore, NMO
was the preferred oxidizing agent. The length of time the reaction was allowed to stir
after the addition ofNMO was varied as well, and two hours was found to be the optimal
length of time. If the reaction mixture was allowed to stir for longer than three hours,
NMR analysis showed hydroxyl elimination to produce alkene functionality at carbon 5
on 4.
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o

(14)
Figure 4

The utility of this reaction was explored by varying the alkyl groups about 4.
Such explorations showed a greater tolerance for particular alkyl halide substrates than
others. Attempts were made to incorporate all alkyl halide substrates in Figure 2 into the
optimized synthetic pathway. Only alkyl halide substrates 7, 12, and 13 resulted in a
substantial yield of 15, 16, and 17, respectively. The products of such attempts are
shown in Figure 4. Other substrates resulted in extremely low or negligible yields.
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The production of 15, 16, and 17 resulted in yields of 69%, 39%, and 41 %,
respectively. Such results may provide some insight into the variable tolerance for alkyl
groups in this reaction. There appears to be a correlation between the substitution pattern
of the alkyl halide substrate and product yield. Primary alkyl halide 8 resulted in
negligible product yields. The secondary alkyl halide 5 resulted in a yield of 31 %.
However, the tertiary alkyl halide 7 resulted in the greatest yield. The production of 16
and 17 resulted in yields between the amount of 14 and 15, and alkyl halides 12 and 13
are resonance stabilized. Therefore, there appears to be an optimal level of alkyl halide
substitution that is conducive to this reaction. It was also apparent that the reaction
cannot take place on the sp (10) or sp2 (11) alkyl halide substrates.
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FUTURE WORK
Additional reactions need to be performed using the optimized methodology with
other alkyl halide substrates similar in reactivity to 5, 7, 12, and 13 to further explore this
reaction's tolerance towards particular alkyl groups. It would also be beneficial to
investigate whether the substitution pattern of the alkyl halide that results in product
formation is due to radical or carbocation stability. In addition, a feasible mechanistic
study has yet to be employed for this reaction and would be a worthwhile endeavor to
optimize the results. Lastly, the titanium-carbon bond explored in this project can serve
as the framework for the syntheses of other organic products.
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CONCLUSION
The optimized synthesis of 14 resulted in a marginal yield of31 %. The
production of 15, 16, and 17 resulted in higher yields of 69%, 39%, and 41 %,
respectively. Such results show a possible correlation between alkyl halide substitution
and product yield. There appears to be an optimal alkyl halide structure (3° 2: resonance
stabilized> 2° » 10) that is conducive to this reaction.
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EXPERlMENTAL
All reagents and solvents were purchased from Aldrich. THF was purified using
an mBraun Solvent Purification System. IH NMR spectra were obtained using d
chloroform as a solvent with a Bruker Avance 250 MHz spectrometer. A circular
Chromatatron was used for product purification. A dark, distinct band, representing the
desired product, was prevalent on the silica plate and was collected in fractions. After the
collection of all fractions, the solvent was removed. 'H NMR analysis was employed on
each fraction.

Preparation of Stock Samarium Diiodide: Samarium metal (Sm) and iodine (h) were
added to a volume ofTHF under nitrogen to create a 0.1 M solution. A stock solution of
300 mL was prepared, which included 5.18 g (34.5 mmol) of Sm and 7.02 (30 mmol) of
12. The solution was stirred and allowed to reflux for an hour. The reaction flask was
covered with aluminum foil due to the photosensitive nature of the reactants. A dark blue
solution color indicated the completion of the reaction. The stock solution was allowed
to cool to room temperature, stored under nitrogen, and was kept protected from light.
Preparation of the stock solution of Sm12 was repeated as necessary throughout the course
of this project.

Synthesis of 2,4-diallyl-S-methyl-2-hydroxy-4-cyclopentenone (17): A Schlenk flask
containing a stir bar was purged with nitrogen. To the flask was added 0.2 g (0.803
mmol) ofCp2TiCl2 and 0.26 g (3.98 mmol) of zinc metal. Approximately 25 mL of dry
THF were then added under nitrogen, and the reaction was cooled to -78°C in an ice
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bath. To the reaction flask was added 1.1 eq (0.88 mmol, 0.08 mL) of l-bromo-2-butyne
and 2.2 eq (1.76 mrnol, 0.772 mL) of samarium diiodide solution under nitrogen. The
reaction stirred for 30 min at -78°C. After 30 min, 1.1 eq (0.88 mrnol, 0.08 mL) of allyl
iodide was added to the reaction mixture. The reaction was allowed to wann to room
temperature. The reaction flask was then purged with carbon monoxide via balloon at I
atm and stirred overnight. After approximately 20 hours, the reaction was purged with
nitrogen. Next, 1.1 eq (0.88 mmol, 0.08 mL) of allyl iodide and 2.2 eq (1.76 mmol,
0.772 mL) of samarium diiodide were added. The reaction then stirred for 90 min at
room temperature. TLC analysis was employed to monitor the progress of the reaction
using 4: I hexane: ethyl acetate as the elution solvent. After 90 min, the reaction was
quenched with 25 mL ofNMO (10% in H 20) and 25 mL of diethyl ether. The reaction
mixture stirred for 2 hours until a yellow color was prevalent and was extracted with 2 x
30 mL portions of ether. The solvent was removed in vacuo. The residue was dissolved
in ethyl acetate and was run through a silica plug with a fritted adapter under vacuum
pressure. The ethyl acetate was removed. The residue was dissolved in a minimal
amount of methylene chloride and was chromatographed using a 4: I hexane: ethyl
acetate eluent. This procedure produced a 41 % yield (0.054 g, 0.28 mmol) of 17.
17: l H NMR (CDC!J) 8 6.2 (vinylic H); 6.0 (vinylic H); 5.8 (vinylic H); 5.5-5.7 (vinylic
H); 2.0-2.9 (sp 3 H); 1.5-2.0 (sp 3 H).

Synthesis of 2,4-dibenzyl-S-methyl-2-hydroxy-4-cyclopentenone (16): A Schlenk
flask containing a stir bar was purged with nitrogen. To the flask was added 0.2 g (0.803
mmol) ofCp2TiCh and 0.26 g (3.98 mmol) of zinc metal. Approximately 25 mL of dry
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THF were then added under nitrogen, and the reaction was cooled to -78 DC in an ice
bath. To the reaction flask was added 1.1 eq (0.88 mmol, 0.08 mL) of I-bromo-2-butyne
and 2.2 eq (1.76 mmol, 0.772 mL) of samarium diiodide solution under nitrogen. The
reaction stirred for 30 min at -78 DC. After 30 min, 1.1 eq (0.88 mmol, 0.150 mL) of
benzyl bromide was added to the reaction mixture. The reaction was allowed to warm to
room temperature. The reaction flask was then purged with carbon monoxide via balloon
at 1 atm and stirred overnight. After approximately 20 hours, the reaction was purged
with nitrogen. Next, 1.1 eq (0.88 mmol, 0.150 mL) of benzyl bromide and 2.2 eq (1.76
mmol, 0.772 mL) of samarium diiodide were added. The reaction then stirred for 90 min
at room temperature. TLC analysis was employed to monitor the progress of the reaction
using 4: I hexane: ethyl acetate as the elution solvent. After 90 min, the reaction was
quenched with 25 mL ofNMO (10% in H 20) and 25 mL of diethyl ether. The reaction
mixture stirred for 2 hours until a yellow color was prevalent and was extracted with 2 x
30 mL portions of ether. The solvent was removed in vacuo. The residue was dissolved
in ethyl acetate and was run through a silica plug with a fritted adapter under vacuum
pressure. The ethyl acetate was removed. The residue was dissolved in a minimal
amount of methylene chloride and was chromatographed using a 4: I hexane: ethyl
acetate eluent. This procedure produced a 36% yield (0.065 g, 0.22 mmol) of 16.
16: IH NMR (CDC!}) 8 6.8-7.4 (aromatic H); 3.6 (benzylic H); 2.8 (benzylic H); 1.5-2.6
( Sp 3

H).

Synthesis of 2,4-diisopropyl-S-methyl-2-hydroxy-4-cyclopentenone (14): A Schlenk
flask containing a stir bar was purged with nitrogen. To the flask was added 0.2 g (0.803
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mmol) of CP2TiCh and 0.26 g (3.98 mmol) of zinc metal. Approximately 25 mL of dry
THF were then added under nitrogen, and the reaction was cooled to -78°C in an ice
bath. To the reaction flask was added 1.1 eq (0.88 mmol, 0.08 mL) of l-bromo-2-butyne
and 2.2 eq (1.76 mmol, 0.772 mL) of samarium diiodide solution under nitrogen. The
reaction stirred for 30 min at -78°C. After 30 min, 1.1 eq (0.88 mmol, 0.088 mL) of
isopropyl iodide was added to the reaction mixture. The reaction was allowed to warm to
room temperature. The reaction flask was then purged with carbon monoxide via balloon
at 1 atm and stirred overnight. After approximately 20 hours, the reaction was purged
with nitrogen. Next, 1.1 eq (0.88 mmol, 0.088 mL) of isopropyl iodide and 2.2 eq (1.76
mmol, 0.772 mL) of samarium diiodide were added. The reaction then stirred for 90 min
at room temperature. TLC analysis was employed to monitor the progress of the reaction
using 4: I hexane: ethyl acetate as the elution solvent. After 90 min, the reaction was
quenched with 25 mL ofNMO (l0% in H 20) and 25 mL of diethyl ether. The reaction
mixture stirred for 2 hours until a yellow color was prevalent and was extracted with 2 x
30 mL portions of ether. The solvent was removed in vacuo. The residue was dissolved
in ethyl acetate and was run through a silica plug with a fritted adapter under vacuum
pressure. The ethyl acetate was removed. The residue was dissolved in a minimal
amount of methylene chloride and was chromatographed using a 4: I hexane: ethyl
acetate eluent. This procedure produced a 31 % yield (0.048 g, 0.245 mmol) of 14.

14: IH NMR characterization follows previously observed patterns.

Synthesis of 2,4-di-t-butyl-5-methyl-2-hydroxy-4-cyclopentenone (15): A Schlenk
flask containing a stir bar was purged with nitrogen. To the flask was added 0.2 g (0.803
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mmo1) of Cp2TiCh and 0.26 g (3.98 mmol) of zinc metal. Approximately 25 mL of dry
THF were then added under nitrogen, and the reaction was cooled to -78°C in an ice
bath. To the reaction flask was added 1.1 eq (0.88 mmol, 0.08 mL) of l-bromo-2-butyne
and 2.2 eq (1. 76 mmol, 0.772 mL) of samarium diiodide solution under nitrogen. The
reaction stirred for 30 min at -78°C. After 30 min, 1.1 eq (0.88 mmol, 0.088 mL) of
isopropy 1 iodide was added to the reaction mixture. The reaction was allowed to warm to
room temperature. The reaction flask was then purged with carbon monoxide via balloon
at I atm and stirred overnight. After approximately 20 hours, the reaction was purged
with nitrogen. Next, 1.1 eq (0.88 mmol, 0.088 mL) of isopropyl iodide and 2.2 eq (1.76
mmol, 0.772 mL) of samarium diiodide were added. The reaction then stirred for 90 min
at room temperature. TLC analysis was employed to monitor the progress of the reaction
using 4: I hexane: ethyl acetate as the elution solvent. After 90 min, the reaction was
quenched with 25 mL ofNMO (10% in H20) and 25 mL of diethyl ether. The reaction
mixture stirred for 2 hours until a yellow color was prevalent and was extracted with 2 x
30 mL portions of ether. The solvent was removed in vacuo. The residue was dissolved
in ethyl acetate and was run through a silica plug with a fritted adapter under vacuum
pressure. The ethyl acetate was removed. The residue was dissolved in a minimal
amount of methylene chloride and was chromatographed using a 4: 1 hexane: ethyl
acetate eluent. This procedure produced a 31% yield (0.048 g, 0.245 mmol) of IS.
IS: IH NMR (CDCh) 0 2.7 (Sp3 H); 2.4 (Sp3 H); 1.8 (methyl H); 1.8 (i-butyl H); 0.8 (t
butyl H).
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